Bacterial infections of the uterus or mammary gland commonly perturb ovarian antral follicle growth and function, causing infertility in cattle.
INTRODUCTION
Granulosa cells are the somatic cells that line ovarian follicles, and granulosa cells are central to follicle growth and development, and support oocyte growth and maturation. The cyclic waves of ovarian follicle development in the bovine ovary are characterized by the periodic synchronous emergence of a cohort of 6-24 ovarian follicles that are recruited in response to increased concentrations of follicle-stimulating hormone (FSH) in peripheral plasma, with subsequent selection of a dominant follicle that may be ovulated or undergo atresia [1] . Emerged ovarian follicles are the follicles recruited at the initiation of each follicle wave, and they are defined by a diameter of 4-8 mm, possess FSH receptors (FSHRs), and have functional CYP19A1 (also called aromatase) to convert androstenedione to estradiol [1, 2] . The peripheral plasma concentration of FSH declines during the growth of the wave of emerged follicles, and smaller follicles undergo atresia, while larger follicles with more FSHRs survive, culminating in the selection of a dominant follicle. Dominant ovarian follicles are defined as .8 mm diameter, express the luteinizing hormone (LH) receptor (LHCGR), have abundant CYP19A1, and secrete higher concentrations of estradiol than progesterone [1, 2] . Ovulation of a dominant follicle is trigged by LH, which stimulates the release of epidermal growth factors (EGFs) that bind EGF receptors (EGFRs) on granulosa cells to initiate a cascade of events resembling inflammation [3, 4] .
Bacterial infections of the uterus or mammary gland commonly perturb ovarian follicle growth and development in dairy cattle [5] [6] [7] [8] . Bacterial infection of the uterus is ubiquitous after parturition in cattle, with 40% of animals developing clinical disease [6] . Animals with uterine infection exhibit slower growth of the dominant follicle and have lower peripheral plasma estradiol concentrations than healthy animals [5] . Bacterial infections of the mammary gland also reduce bovine ovarian follicle growth rates and perturb granulosa cell gene expression [7, 8] . Furthermore, chronic or subclinical bacterial infections of the mammary gland are associated with delayed ovulation and reduced developmental competence of oocytes [9, 10] . The bacteria that infect the uterus or mammary gland of cattle include Gram-negative organisms, particularly Escherichia coli, and Gram-positive bacteria, such as Trueperella pyogenes and Staphylococcus aureus [5, 6, 8, 11] . Although little is known about Gram-positive bacteria, the lipopolysaccharide (LPS; endotoxin) cell wall component of Gram-negative bacteria accumulates in ovarian follicular fluid in vivo, and LPS perturbs estradiol production by granulosa cells collected from emerged or dominant follicles [12] .
The Toll-like receptors (TLRs) are a family of 10 cellular receptors that detect and initiate innate immune defenses against microbes by binding their pathogen-associated molecular patterns (PAMPs) [13, 14] . The prototypical PAMP from Gram-negative bacteria, LPS, is bound by TLR4. Lipoproteins from Gram-positive bacteria are bound by TLR2, although issues of purifying native PAMPs mean that most work uses synthetic triacylated lipoprotein Pam3CSK4 (PAM) as the ligand for TLR2 [13, 14] . Finally, TLR5 binds flagellin from motile bacteria that possess flagella. Activation of TLR signaling results in phosphorylation of mitogen-activated protein kinases (MAPK), particularly MAPK14 (also known as p38a), MAPK8 (also known as JNK), and MAPK3/1 (also known as ERK1/2), and nuclear translocation of nuclear factor jB (NFjB). This intracellular signaling leads to production of cytokines, such as IL-1b, IL-6 and TNFa, and chemokines, such as IL-8 [13, 14] . The TLRs are well characterized in cells of the innate immune system, such as macrophages and neutrophils. However, there are no such immune cells within the basement membrane of healthy ovarian follicles of cattle [15, 16] . Recent studies report that LPS stimulates cellular responses by granulosa cells collected from emerged follicles or dominant follicles [15, 17] . However, it is less clear whether granulosa cells can mount inflammatory responses to other bacterial PAMPs, such as bacterial lipoproteins or flagellin.
In the present study, we tested the hypothesis that granulosa cells from emerged follicles have functional TLR2, TLR4, and TLR5 pathways. The inflammatory response and activation of intracellular pathways was investigated using primary granulosa cells from emerged follicles, which expressed mRNA for all 10 TLRs. The expression of mRNA for genes encoding cytokines and chemokines was increased by LPS, PAM, and flagellin. There was accumulation of IL-6, IL-8, IL-1b, and TNFa in the supernatants of granulosa cells treated with LPS or PAM, but not flagellin, and the response to LPS and PAM was blunted by using short interfering RNA (siRNA) targeting TLR4 and TLR2, respectively. The cellular responses to PAM or LPS were also associated with increased phosphorylation of MAPK14 and MAPK3/1. Intriguingly, while most hormones had no effect, EGF increased cellular response to PAM through the EGFR, and PAM increased granulosa cell EGFR expression, demonstrating an endocrine-immune interaction. The inflammatory responses to PAMPs via the TLR2 and TLR4 pathways in granulosa cells provide a molecular explanation of how bacterial infections in tissues that are distant from the ovary may perturb emerged ovarian follicle function.
MATERIALS AND METHODS

Cell Isolation and Culture
Ovaries were collected within 15 min of killing from 2.2 (60.1)-yr-old, mixed-breed beef cattle at a slaughterhouse; the animals had been reared on a grass forage diet without growth promoters. The ovaries were transported to the laboratory on ice in Dulbecco's phosphate buffered saline (DPBS; SigmaAldrich, Gillingham, U.K.) containing 10% penicillin/streptomycin (SigmaAldrich). Ovaries from between 6 and 10 animals were pooled for each experiment, with approximately 370 animals used across all experiments. Within 90 min of excision, ovaries were processed for collection of mural granulosa cells, as described previously [15] . Briefly, ovaries were rinsed in 70% ethanol, followed by a brief rinse in sterile endotoxin-free DPBS (SigmaAldrich). Animals were cyclic, as evidenced by the presence of a corpus luteum, and healthy emerged follicles were identified, using the definition of an external diameter of 4-8 mm, with clear follicular fluid and no evidence of hemorrhage [1, 2, 18 ]. An LPS-free 2-ml syringe and 20-gauge needle was employed to aspirate granulosa cells into collection medium comprised of Medium 199 (Invitrogen, Paisley, U.K.) supplemented with 0.25% w/v bovine serum albumin (BSA), 25 mM Hepes (4-[2-hydroxyethyl] piperazine-1-ethanesulfonic acid), 0.005% w/v heparin, and 1% penicillin/streptomycin (all from Sigma-Aldrich). Cumulus-oocyte complexes were removed, and pooled granulosa cells were then washed twice in culture medium comprised of Medium 199 supplemented with 10% heat-inactivated fetal calf serum (Biosera, Ringmer, U.K.), 1% penicillin/streptomycin, 1% L-glutamine (Sigma-Aldrich), and 1% insulin, transferrin, sodium selenite liquid media supplement (SigmaAldrich). Granulosa cells were then resuspended and plated at 1.5 3 10 6 cells/ ml in 1 ml, 0.5 ml, or 100 ll culture medium in 12-, 24-or 96-well plates (TPP, Trasadingen, U.K.), respectively, and incubated at 378C in a humidified atmosphere of air with 5% CO 2 .
To act as positive controls for flow cytometry and for RT-PCR, granulosa cells were also isolated from dominant follicles, and peripheral blood mononuclear cells (PBMCs) were isolated from blood. Healthy dominant follicles were identified, using the definition of an external diameter of .8 mm, with clear follicular fluid and no evidence of hemorrhage, in animals that were cyclic, as evidenced by the presence of a corpus luteum [1, 2, 18] . Granulosa cells from dominant follicles were isolated as described above and used immediately. Blood was collected into heparinized tubes from the jugular vein within 1 min of killing and transported to the laboratory at room temperature. Blood was centrifuged at 700 3 g for 10 min, and the buffy-coat layer removed using a sterile Pasteur pipette into a sterile 15-ml centrifuge tube. The cells were washed using DPBS before lysis of residual red blood cells using sterile endotoxin-free water (Sigma-Aldrich); the resultant PBMCs were washed in DPBS, and resuspended at 1 3 10 6 cells/ml in DPBS for immediate use.
Assessment of Cell Purity and Function
To assess the purity of cell isolations, freshly isolated granulosa cells from emerged follicles and PBMCs were examined for BoLA-DQA (also known as major histocompatibility complex [MHC] class II, DQ alpha, or MHCII) -positive cells using flow cytometry on five separate occasions. Initially, cells were incubated for 30 min with 2 lm DRAQ5 (BioStatus Ltd., Shepshed, Leicestershire, U.K.) to bind DNA in order to gate for live DNA-containing cells. In separate experiments, freshly isolated cells were incubated for 60 min at 48C with mouse anti-sheep MHC class II, DQ alpha antibody (BoLA-DQA cross-reactive; AbD Serotec, Kidlington, U.K.) at a dilution of 1:100 in FACS buffer comprised of 0.2% BSA in PBS (Sigma-Aldrich). The cells were then washed three times in FACS buffer and incubated for 30 min at 48C with goat anti-mouse Alexa-488 (Invitrogen) at a dilution of 1:500 in FACS buffer, as described previously [15] . Finally, cells were washed three times in FACS buffer before analyzing 10 000 events using FACSAria (BD, San Jose, CA).
To further analyze the precision of the cell preparations, on five separate occasions, freshly isolated granulosa cells from emerged follicles, granulosa cells from dominant follicles, and PBMCs were washed twice with PBS and analyzed by RT-PCR (see below) for expression of mRNA encoding genes associated with immune cells (BoLA-DBQ, also known as MHCII, and PTPRC, also known as CD45) or granulosa cells (AMH, FSHR, LHCGR, and CYP19A1).
To initially confirm that the function of granulosa cells isolated from emerged follicles was similar between beef heifers and dairy cows, granulosa cells were also isolated from .6 yr-old end-of-lactation Holstein/Friesian dairy cows, as well as beef heifers, as described above. The granulosa cells from beef heifers and dairy cows were established in culture for 48 h, and then treated with control medium or medium containing 0.001, 0.01, 0.1, 1, or 10 lg/ml LPS (ultrapure LPS from Escherichia coli O111:B4; Invivogen, Toulouse, France) for 24 h. The accumulation of IL-6 was measured in culture supernatants by ELISA (see below), with the experiment performed on four independent occasions. There was a significant effect of LPS treatment on the accumulation of IL-6 (P , 0.001, ANOVA), but the concentrations of IL-6 did not differ significantly between beef and dairy breeds except for cells treated with 0.01 lg/ml LPS (P ¼ 0.02; Fig. 1A ). Further experiments used granulosa cells isolated from ovaries of beef heifers to avoid potential confounding effects of lactation, and prior uterine or mammary gland infections in dairy cows [5, 10] .
Granulosa Cell Responses to PAMPs
Granulosa cell expression of TLR mRNA. To evaluate whether granulosa cells expressed TLR gene transcripts, freshly isolated granulosa cells from emerged follicles or cells cultured in control medium for 51 h in 12-well plates were washed twice with PBS and analyzed by RT-PCR for expression of each of the 10 TLRs. The experiment was performed on three separate occasions.
Granulosa cell responses to PAMPs. To examine granulosa cell transcriptional responses to bacterial PAMPs, cells isolated from emerged follicles were established in culture for 48 h in 12-well plates, washed with DPBS, and then treated for 3 h with control culture medium or medium containing 1 lg/ml LPS, 1 lg/ml N-palmitoyl-S-[2,3-bis fpalmitoyloxy]-
; Invivogen) or 1 lg/ml FLA (flagellin from Salmonella typhimurium; Invivogen). The cells were then washed with DPBS, lysed in buffer RLT (Qiagen, Crawley, U.K.) and stored at À208C for RT-PCR analysis of mRNA expression of genes associated with inflammation (IL6, IL1B, IL10, TNF, IL8, and CCL5). The experiment was performed on three separate occasions.
To evaluate granulosa cell protein responses to PAMPs, cells isolated from emerged follicles were established in culture for 48 h in 24-well plates, washed with sterile DPBS, and then treated with control culture medium or medium PRICE AND SHELDON containing 10-fold increasing concentrations from 0.001 to 10 lg/ml of LPS, PAM, or FLA. The supernatants were collected after 24-h treatment and stored at À208C until being analyzed for IL-6, IL-1b, IL-8, and TNFa by ELISA (see below) and cell viability evaluated by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay (see below). The experiment was performed on three separate occasions.
Lipoproteins, such as PAM, are bound by TLR2, and LPS is bound by TLR4 [13, 14] . To test if cellular responses to the PAMPs were dependent on TLR expression, granulosa cells isolated from emerged follicles were established in culture for 48 h in 24-well plates and transfected with Lipofectamine RNA iMax (Invitrogen) containing 10 pmol siRNA designed using Dharmacon's siDESIGN Center (www.thermoscientificbio.com/ design-center/; Thermo Scientific, Cramlington U.K.), which targeted TLR2 (sense, GGACAGAAUUAGACACCUAUU; antisense, UAGGUGU CUAAUUCUGUCCUU) or TLR4 (sense, GAGUAUAUCUUUAGGAA GUUU; antisense, ACUUCCUAAAGAUAUACUCUU), or with nontargeting scramble siRNA (ON-TARGETplus Non-targeting siRNA #1; all siRNA from Thermo Scientific) and cultured in antibiotic-free culture medium for 24 h. The cells were then washed with DPBS and lysed using buffer RLT for analysis of TLR2 and TLR4 mRNA expression, or treated with control culture medium or medium containing 1 lg/ml LPS or PAM. The supernatants were collected after 24 h treatment and stored at À208C until being analyzed for IL-6 by ELISA, and cell viability evaluated by MTT assay. The experiments were performed on three separate occasions.
Activation of granulosa cell intracellular pathways. As activation of a specific TLR often modulates the gene expression of other TLRs in immune cells [19] , evidence of a similar effect on TLR expression was sought using granulosa cells cultured in 12-well plates for 3 h in control medium or culture medium containing 1 lg/ml LPS or PAM. The cells were then washed with DPBS, lysed in buffer RLT, and stored at À208C for RT-PCR analysis of TLR mRNA expression; the experiment was performed on three separate occasions. In separate experiments, granulosa cells were cultured in 24-well plates for 3 h in control medium or culture medium containing 1 lg/ml LPS or PAM, washed in medium, and then treated for a further 24 h with control medium or medium containing 1 lg/ml LPS or PAM in a 3 3 3 design. The supernatants were collected after the 24-h treatment and stored at À208C until being analyzed for IL-6 by ELISA; the experiment was performed on four separate occasions.
To examine if PAMPs activated MAPK intracellular signaling pathways that are typical of TLR engagement by bacterial PAMPs, granulosa cells isolated from emerged follicles were cultured for 24 h in a 12-well plate, washed twice with DPBS, and then cultured in Optimem medium (Invitrogen) for 24 h. They were then treated for 0, 5, 10, 15, 20, or 25 min with Optimem medium or Optimem medium containing 1 lg/ml LPS or PAM. The medium was then discarded before the cells were washed with DPBS and lysed using 80 ll Phosphosafe Extraction Reagent (Novagen, Darmstadt, Germany). The experiment was performed on three separate occasions, and the cell lysates stored at À808C until being analyzed by Western blotting (see below).
To further explore the role of MAPK intracellular signaling pathway by bacterial PAMPs, granulosa cells isolated from emerged follicles were seeded in 96-well plates and cultured for 48 h, washed with DPBS, and then pretreated for 30 min with 50 ll of medium containing dimethyl sulfoxide (DMSO; 1:500; Sigma-Aldrich) vehicle, or media containing inhibitors, before treatment with PAMPs by addition of 50 ll control medium or medium containing LPS or PAM, for a final concentration of 1 lg/ml. The inhibitors were dissolved in DMSO with a maximal concentration of 1:500, and treatments spanned 10-fold increasing concentrations of an inhibitor targeting MAPK8 (JNK inhibitor II; 0.005-50 lM; Calbiochem), an inhibitor targeting MAPK3/1 by inhibiting kinase activity of MAPKK1/2 (U0126; 0.001-10 lM; Calbiochem), or an inhibitor targeting MAPK14 (SB203580; 0.001-10 lM; Calbiochem), as described previously for bovine cells [20] . After 24 h, supernatants were collected and stored at À208C for analysis of IL-6 by ELISA, and cell viability was assessed by MTT assay; the experiment was performed on three separate occasions.
Interactions between endocrine and innate immune pathways. To investigate the effect of hormones or gonadotrophin on responses to PAMPs, granulosa cells isolated from emerged follicles were established in culture for 48 h in 96-well plates, washed with sterile DPBS, and then cultured for 24 h with vehicle, 100 ng/ml highly purified bovine FSH (A. F. Parlow, National Hormone and Peptide Program, Torrance, CA), 4 ng/ml highly purified bovine LH (A.F. Parlow), 500 ng/ml estradiol (Sigma-Aldrich), 240 ng/ml progesterone (Sigma-Aldrich), or 10 ng/ml EGF (#324856; Calbiochem) in control medium or medium containing 1 lg/ml LPS or PAM. Each treatment was applied to duplicate wells, and the experiment was performed on three separate occasions. After 24 h, supernatants were collected and stored at À208C for analysis by ELISA, and cell viability evaluated by MTT assay. In addition, granulosa cells isolated from emerged follicles were cultured in 12-well plates for 48 h, and then treated for 3 h with control culture medium or medium containing 1 lg/ml LPS or 1 lg/ml PAM. The cells were then washed with DPBS, lysed in buffer RLT (Qiagen), and stored at À208C for RT-PCR analysis of mRNA expression of FSHR, LHCGR, and EGFR; the experiment was performed on three separate occasions.
To explore the main interaction between EGF and PAM, granulosa cells isolated from emerged follicles were established in culture for 24 h in 24-well plates, and treated with control medium or medium containing 0.01, 0.1, 1, 10, or 100 ng/ml EGF, across the effective biological range of 5-50 ng/ml recommended by the manufacturer, in the presence of vehicle or 1 lg/ml PAM. To test the role of EGFR, granulosa cells were also treated with control medium containing 1:500 DMSO vehicle or a final concentration of 3 lM EGFR inhibitor (InSolution AG1478; Calbiochem) for 30 min, as used previously for granulosa cells [3] . Cells were then treated with control medium or medium containing a final concentration of 10 ng/ml EGF for 10 min, followed by treatment with control culture medium or medium containing 1 lg/ml PAM or LPS. The first experiment was performed on three separate occasions, and the second experiment on five occasions. After 24 h, supernatants were collected and stored at À208C for analysis by ELISA, and cell viability was evaluated by MTT assay.
Enzyme-Linked Immunosorbent Assay
The accumulation of IL-6, IL-1b, TNFa, and IL-8 in cell-free supernatants was measured in duplicate using ELISA according to the manufacturer's instructions (bovine IL-6 and bovine IL-1b [Thermo-Scientific, U.K.]; bovine TNFa and human IL-8, which has established bovine cross-reactivity [15] [R&D Systems, Abingdon, U.K.]). The inflammatory mediators IL-6, IL-1b, TNFa, and IL-8 were selected because they are primary indicators of innate immune responses [13, 14] . In addition, for selected samples, the accumulation GRANULOSA CELL TLR FUNCTION of CXCL1, CXCL2, and CXCL3 was measured in duplicate using bovinespecific ELISA, as previously described [21] . The limits of detection were 35.6 pg/ml for IL-6, 20.1 pg/ml for IL-1b, 21.8 pg/ml for TNFa, 14.3 pg/ml for IL-8, 200 pg/ml for CXCL1, 100 pg/ml for CXCL2, and 150 pg/ml for CXCL3. The inter-and intra-assay coefficients of variation were all ,8% and ,5%, respectively.
MTT Assay
To examine cell viability at the end of experiments, when cells were not used for RT-PCR or Western blotting, supernatants were removed and fresh medium containing 0.5 mg/ml MTT (Sigma-Aldrich) added to the cells, and incubated for 1 h [22] . The medium was removed and cells washed with DPBS before lysis with DMSO and measurement of optical density (OD) at 570 nm using a microplate reader (POLARstar Omega; BMG Labtech, Offenburg, Germany).
RNA Extraction and Semiquantitative RT-PCR
Total RNA was isolated from PBMCs and granulosa cell samples after two washes in PBS. Samples were resuspended in RLT buffer (Qiagen, Crawley, U.K.) before being passed 10 times through a ribonuclease-free 20-gauge needle to disrupt cells. Total mRNA extraction was performed using the RNA Easy Mini kit (Qiagen) according to the manufacturer's instructions. Total mRNA was measured using a spectrophotometer (ND 2.0; NanoDrop Technologies), and reverse transcribed according to the manufacturer's instructions using the QuantiTect Reverse Transcription Kit (Qiagen) and 1 lg RNA per reaction.
Primers were designed using the National Center for Biotechnology Information database (NCBI, Bethesda, MD) or from previous publications (Supplemental Table S1 , available online at www.biolreprod.org) for all 10 TLR genes, as well as genes to characterize cell populations (BoLA-DBQ, PTPRC, and AMH), hormone receptors (LHCGR, FSHR, and EGFR), and inflammatory mediators (IL6, IL1B, TNF, IL10, IL8, and CXCL5). The latter genes were selected to represent inflammatory mediators indicative of an innate immune response to bacterial PAMPs via TLR2 or TLR4 [13, 14, 23] . Realtime PCR was performed with an iQ5 light cycler (Bio-Rad, Hemel Hempstead, U.K.) using QuantiFast SYBR green (Qiagen) in 25-ll reactions containing 1 lM each forward and reverse primer (Sigma Genosys). The PCR conditions were: activation at 958C for 5 min, 40 cycles of denaturation at 958C for 10 sec, and annealing/extension at 608C for 30 sec; a melt curve was generated to estimate specificity. Reference cDNA was used to generate a standard curve in order to determine the starting quantity of cDNA in each sample, and each plate contained negative controls containing QuantiFast SYBR green with RNasefree water instead of cDNA. Expression of each target gene was normalized to the reference gene ACTB. In the present study, the efficiency of all primers was 100 6 10%, and there was no significant effect of LPS or PAM treatments on ACTB expression (fold change of control for LPS was 0.98 6 0.04 and for PAM was 0.96 6 0.07).
Western Blotting
Protein was extracted from cell lysates and quantified using the DC assay (Bio-Rad), and 10 lg protein electrophoresed on a 12% TGX PRO-TEAN gel (Bio-Rad). Proteins were then transferred onto a PVDF membrane (GE Healthcare, Chalfont St. Giles, U.K.) and nonspecific binding blocked overnight at 48C using 5% BSA in Tris-buffered saline with Tween (TBS/T; 25 mM Tris, 3 mM KCl, 140 mM NaCl, 0.05% Tween 20; Sigma-Aldrich). Blots were probed for 90 min at room temperature using primary antibodies for diphosphorylated MAPK3/1 (anti-MAPK, activated diphosphorylated ERK1/2; Sigma M8159, 1:1000 in TBS/T) or phosphorylated MAPK14 (APO5898PU-N, acris antibodies, 1:1000 in TBS/T; 2B Scientific, Upper Heyford, U.K.), as described previously [15] . The blots were washed three times in TBS/T, and then incubated for 60 min at room temperature in the appropriate secondary antibody (1:1000 in block solution IgG conjugated to horseradish peroxidase; Cell Signaling Technology, Danvers, MA). After a further three washes, protein reactivity was assessed using enhanced chemiluminescence (Luminata Forte Western HRP solution; Millipore, Billerica, MA). After imaging each blot using the ChemiDoc XRS System (Bio-Rad), gels were stripped for 7 min in Restore Western Blot Stripping Buffer (Thermoscientific, Rockford, IL) and then reprobed for b-actin (ab8226, 1:1000; Abcam PLC, Cambridge, U.K.) to allow normalization for protein loading. Images of at least three independent blots were analyzed for each protein using the ChemiDoc XRS System to measure peak density of each band after adjusting for background, as described previously [15] .
Statistics
Data are presented as arithmetic mean þ SEM. Statistical analyses were performed using SPSS version 16 (SPSS Inc.) and significance ascribed at P , 0.05. Analysis of variance was used to examine normally distributed data with the Dunnett pairwise multiple comparison t-test used to compare treatments with control, except where the Student t-test was used to compare Western blot data between treatment and control. When data were not normally distributed, comparisons between treatment and control were made using the MannWhitney U-test, where indicated in Results. As we were aware of biological variation with primary cell cultures between independent experiments (Fig.  1A) , to test the impact of inhibitors on the accumulation of IL-6 or MTT OD, data were expressed as a percentage of the value for cells treated with vehicle and PAMP for each independent experiment.
RESULTS
Granulosa Cells Express TLR mRNA
To confirm the purity and precision of granulosa cell populations isolated from emerged follicles, they were compared with granulosa cells from dominant follicles and PBMCs. Granulosa cell populations freshly isolated from emerged follicles did not express the BoLA-DQA marker of antigen-presenting cells, as determined by FACS analysis (0% positive granulosa cells vs. 33% positive PBMCs). Furthermore, the granulosa cells isolated from emerged follicles did not express detectable mRNA for BoLA-DBQ or for the panleukocyte marker PTPRC, whereas PBMCs expressed mRNA for both gene transcripts (PTPRC 1.0-fold of ACTB; BoLA-DBQ 1.9-fold of ACTB). As expected, granulosa cells freshly isolated from emerged follicles expressed mRNA for AMH (5.6-fold of ACTB) and FSHR (6.4-fold of ACTB), but no LHCGR and only limited CYP19A1 (0.1-fold of ACTB), whereas granulosa cells freshly isolated from dominant follicles expressed mRNA for LHCGR (3.6-fold of ACTB) and abundant CYP19A1 (1.9-fold of ACTB).
Freshly isolated granulosa cells from emerged follicles expressed mRNA encoding all 10 TLRs (Fig. 1B) . The expression of mRNA encoding all 10 TLRs remained present in granulosa cells collected after 51-h culture in control medium (data not shown). The cellular expression of TLR4, TLR2, and TLR5 mRNA was important for the present study, because bacterial infections perturb ovarian function in cattle [5] [6] [7] [8] .
Granulosa Cell Transcriptional Response to PAMPs
Bacterial PAMPs are usually evaluated using LPS that binds TLR4, PAM that binds TLR2, and FLA that binds TLR5 [13, 14] . To examine transcriptional responses, granulosa cells isolated from emerged follicles were treated for 3 h with 1 lg/ ml LPS, PAM, or FLA. Compared with cells in control medium, granulosa cells had increased expression of mRNA encoding the cytokines IL6, IL1B, IL10, and TNF, and the chemokines IL8 and CCL5 following treatment with LPS ( Fig.  2A) , with PAM (Fig. 2B) , or with FLA (Fig. 2C) .
Granulosa Cell Inflammatory Mediator Response to PAMPs
To evaluate whether transcriptional responses were translated into protein responses to bacterial PAMPs, granulosa cells isolated from emerged follicles were treated for 24 h with a 10-fold increasing range of concentrations of LPS, PAM, or FLA. When the granulosa cells were treated for 24 h with LPS or PAM, the supernatants accumulated IL-6 (Fig. 3, A and B) , IL1b (Fig. 3, C and D) , TNFa (Fig. 3, E and F) , and IL-8 (Fig. 4,  G and H) . The concentrations of IL-6, IL-1b, and IL-8 increased in a concentration-dependent manner in response to PRICE AND SHELDON LPS and PAM, with significant increases above control evident using as little as 0.01 lg/ml of LPS or PAM. However, the concentrations of TNFa were only significantly increased by 10 lg/ml of LPS or PAM. There was little evidence of granulosa cell responses to FLA, with no detectable accumulation of IL-1b, TNFa, or IL-8, and the concentration of IL-6 in supernatants only exceeded control values for cells treated with 10 lg/ml FLA (46 6 10 vs. 14 6 3 pg/ml IL-6; P , 0.05). There was no significant effect of each PAMP on cell health, as measured by MTT (OD within 610% of control).
As there was little or no biological response to the TLR5 ligand, FLA, subsequent experiments focused on TLR4 and TLR2 using 1 lg/ml of their respective ligands, LPS and PAM, and measuring the accumulation of IL-6 protein, because this provided a robust paradigm for evaluation of granulosa cell inflammation (Fig. 3, A and B) . Furthermore, the LPS concentration reflected that previously measured in follicular fluid of cows with severe uterine disease [12] . Indeed, compared with the supernatants of control cells that did not have detectable CXCL1, CXCL2, or CXCL3, the supernatants of cells treated with 1 lg/ml LPS or PAM accumulated more CXCL1 (LPS, 440 6 311 pg/ml; PAM, 1154 6 284 pg/ml; P , 0.05), CXCL2 (LPS, 1125 6 435; PAM, 633 6 293 pg/ml; P , 0.05), and CXCL3 (LPS, 855 6 234; PAM, 1437 6 107 pg/ml; P , 0.05).
Granulosa Cell Response to PAMPs Depended on TLRs
To test if granulosa cell responses to LPS and PAM were dependent on TLR4 and TLR2 expression, siRNA was used to target these TLRs, and cellular responses to LPS and PAM were examined. Transfection of granulosa cells with siRNA targeting TLR4 or TLR2 reduced the expression of TLR4 and TLR2 mRNA by 79% and 82%, respectively (Fig. 4A) . The supernatants of cells transfected with siRNA targeting TLR4 or TLR2 had reduced accumulation of IL-6 in response to LPS (Fig. 4B) or PAM (Fig. 4C) , respectively, when compared with granulosa cells treated with LPS or PAM in vehicle control or with scramble siRNA. There was no significant effect of siRNA on cell health, as measured by MTT (OD within 69% of vehicle control).
Activation of a specific TLR by a particular PAMP often modulates the expression of other TLRs, even though they are not involved in binding the particular PAMP [19] . Treatment of granulosa cells for 3 h with LPS significantly decreased the expression of mRNA encoding TLR7 and increased the expression of TLR2, TLR3, and TLR5 compared with cells in control medium (Table 1) . Similarly, treatment of granulosa cells for 3 h with PAM also increased the expression of mRNA encoding TLR2 and decreased the expression of TLR4, TLR6, TLR7, and TLR10 compared with cells in control medium (Table 1) . To test whether these changes in mRNA impacted the production of proinflammatory cytokines after the initial 3-h pretreatment with control medium or medium containing LPS or PAM, the granulosa cells were treated for a further 24 h with control medium or medium containing LPS or PAM. However, the accumulation of IL-6 in supernatants did not differ significantly between cells pretreated for 3 h in control medium or with medium containing LPS or PAM, followed by 24-h treatment with LPS (C/LPS 1830 6 295 vs. LPS/LPS 1712 6 286 vs. PAM/LPS 2335 6 193 pg/ml IL-6) or 24 h treatment with PAM (C/PAM 2093 6 319 vs. LPS/PAM 2207 6 64 vs. PAM/PAM 1693 6 334 pg/ml IL-6).
Granulosa Cells Respond to PAMPs via MAPK Signaling
To examine if PAMPs activated MAPK intracellular signaling pathways typical of TLR engagement by bacterial PAMPs, granulosa cells isolated from emerged follicles were treated with LPS or PAM and activation of MAPK14 and MAPK3/1 examined by Western blotting (Fig. 5A) . Granulosa cells showed little phosphorylation of MAPK14 or MAPK3/1 before exposure to PAMPs, but phosphorylated MAPK3/1 was more abundant in cells 10 min after treatment with LPS ( Fig.  5B ) and 5 min after treatment with PAM (Fig. 5C) . Similarly, phosphorylated MAPK14 was more abundant in cells 15 min after treatment with LPS (Fig. 5D) , and tended toward increased abundance 5 min after treatment with PAM (P , 0.01; Fig. 5E ).
To further explore the importance of MAPK intracellular signaling pathways for the inflammatory response to LPS and PAM, granulosa cells were pretreated with vehicle or inhibitors that target specific MAPK prior to treatment with control medium or medium containing LPS or PAM. Cells in vehicle accumulated more IL-6 compared with control medium when treated with LPS (113 6 36 vs. 1298 6 697 pg/ml IL-6; P , 0.05) or PAM (70 6 29 vs. 1847 6 552 pg/ml IL-6; P , 0.05). As we were aware of biological variation between independent experiments using primary granulosa cells (Figs.  1A and 3) , to evaluate the impact of inhibitors the data were expressed as a percentage of the values for cells in vehicle treated with LPS or PAM, within each independent experiment. Cell survival, as determined by MTT assay, was compromised by 50 lM inhibitor targeting MAPK8 (Fig. 6, A and D) , !1 lM inhibitor targeting MAPK3/1 (Fig. 7, B and E) , but not by up to 10 lM MAPK14 inhibitor (Fig. 6, C and F) . Granulosa cell survival in control medium was also reduced by the highest concentrations of MAPK8 and MAPK3/1 inhibitors (P , GRANULOSA CELL TLR FUNCTION 0.05), but not by the MAPK14 inhibitor. However, there was a reduction in the accumulation of IL-6 in culture supernatants in response to LPS or PAM when cells were pretreated with 1 or 10 lM MAPK14 inhibitor, without a significant impact on cell survival at the concomitant concentration of inhibitor (Fig. 6, C  and F) .
Granulosa Cell Endocrine Function Interacts with Innate Immunity
To investigate possible endocrine effects on responses to PAMPs, granulosa cells were cultured for 24 h with gonadotrophins or ovarian steroids added to medium containing 1 lg/ml LPS or PAM, and the IL-6 accumulation in supernatants was measured. There was no significant effect of the hormones on cell health, as measured by MTT (OD within 67% of vehicle control). The accumulation of IL-6 was not significantly different from vehicle when cells were treated with FSH, LH, estradiol, or progesterone and LPS (Fig. 7A) or PAM (Fig. 7B) . Similarly, the paracrine regulator of granulosa cell function, EGF, did not significantly affect the accumulation of IL-6 in response to LPS. However, EGF increased the accumulation of IL-6 above vehicle when granulosa cells were treated with PAM for 24 h (Fig. 7B) . As EGF affected the PRICE AND SHELDON cellular response to PAM, but not LPS, we considered whether the PAMPs may differentially affect hormone receptor expression. Granulosa cells from emerged follicles were cultured for 3 h with control medium or medium containing LPS or PAM, and, while there was no effect on FSHR mRNA expression, PAM, but not LPS, increased the expression of mRNA encoding EGFR (Fig. 7, C and D) . There was a concentration-dependent effect of EGF on the increased accumulation of IL-6 in response to PAM (Fig. 7E) , and there was no significant effect on the number of cells as determined by MTT assay (all values 65% of control). An inhibitor of EGFR, AG1478, was used to further explore the role of EGFR in the EGF-mediated stimulation of the inflammatory response to PAM. As before, EGF increased the accumulation of IL-6 in response to PAM, but not to LPS (Fig. 7F ). There was no significant effect on cell survival of EGF treatment, but AG1478 reduced the number of cells by 13% (MTT OD, 1.75 6 0.05 vs. 2.01 6 0.05; P , 0.01). However, the accumulation of IL-6 was reduced by .60% using AG1478 in the presence of EGF for PAM and for LPS (Fig. 7F) ; in the absence of EGF, AG1478 also reduced the IL-6 produced in response to LPS, but not PAM.
DISCUSSION
Bacterial infections of the uterus or mammary gland perturb ovarian follicle growth and endocrine function. The effects of metritis or mastitis in vivo include slower follicle growth, reduced steroidogenesis, delayed ovulation, and reduced developmental competence of oocytes [5, [7] [8] [9] [10] . While LPS has been found in the follicular fluid of animals with uterine disease [12] , healthy ovarian follicles are devoid of immune cells [15, 16] . Bacterial infections are associated with differences in emerged and dominant follicles compared with normal animals [9, 24] . The present study considered whether granulosa cells inside emerged follicles may have roles in innate immunity, and tested the hypothesis that granulosa cells from emerged follicles have functional TLR2, TLR4, and TLR5 pathways. Primary granulosa cells collected from emerged follicles expressed mRNA for all 10 TLRs, and there were IL6, IL1B, IL10, TNF, IL8, and CCL5 mRNA transcriptional responses to LPS, PAM, and FLA. However, translation of inflammatory responses, as determined by the accumulation of inflammatory mediator proteins in cell supernatants, was only clearly evident for PAM and LPS, and not for FLA. The responses to LPS and PAM depended on TLR4 and TLR2 expression, respectively, were associated with rapid phosphorylation of MAPK14 and MAPK3/1, and an inhibitor targeting MAPK14 reduced the accumulation of IL-6. There was also evidence of endocrine-immune cross-talk, with EGF enhancing the granulosa cell response to PAM via EGFR, while PAM increased the mRNA expression of EGFR. The inflammatory response by granulosa cells to bacterial LPS and lipoprotein via TLR4 and TLR2 pathways, respectively, provides a molecular explanation of how bacterial infections distant from the ovary may perturb ovarian follicle function.
The TLRs are conserved structures in animals, typically associated with the cells of the innate immune system, such as macrophages and dendritic cells [13, 14, 25] . However, a wider repertoire of cells also has a role in innate immunity, including the epithelial cells of the intestine [26] and endometrium [20] . Previous studies identified expression of TLR mRNA in granulosa cells, including TLR4 in bovine granulosa cells [12] , TLRs 4-10 in human granulosa cells [27] , and TLR2 and TLR4 in murine granulosa cells [28] . In the present study, FACS and PCR analysis were used to confirm that the b Data reported as mean 6 SEM from three independent experiments, and values differ from control by Student t-test using log 10 -normalized data; *P , 0.05, **P , 0.01, ***P , 0.001.
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preparations of granulosa cells isolated from emerged follicles were free of immune cell contamination, as determined by the lack of PTPRC and BoLA-DBQ, because such contaminations might have confounded the investigations. In addition, the granulosa cell populations from emerged follicles, as expected, lacked LHCGR, distinct from granulosa cells isolated from dominant follicles. The granulosa cells from emerged follicles expressed mRNA encoding all 10 TLR genes, with expression of TLR4, TLR2, and TLR5 of immediate relevance to the present study, as these receptors are required to detect bacterial PAMPs [13] . Engagement of macrophages or dendritic cell TLRs by PAMPs typically leads to transcription of genes for the cytokines IL6, IL1B, IL10 and TNF, and the chemokines IL8 and CCL5 [13, 14, 23, 25] . In the present study, using granulosa cells, LPS, PAM, and FLA also increased the abundance of mRNA for inflammatory mediators IL6, IL1B, IL10, TNF, CCL5, and IL8. Granulosa cells isolated from dominant follicles also have increased expression of inflammatory mediators in response to LPS or PAM [17] . However, short-term increases in mRNA expression are not always associated with translation and sustained accumulation of protein, as recently described for bovine endometrium [29] .
The supernatants of granulosa cells from emerged follicles accumulated the cytokines IL-6 and IL-1b, and the chemokine IL-8, in a concentration-dependent manner when treated with LPS or PAM, but not FLA. The granulosa cells were sensitive to low concentrations of the PAMPs, with inflammatory responses evident at 0.01 lg/ml of LPS or PAM. In addition, the higher concentration of 1 lg/ml of LPS and PAM also induced accumulation of the cytokine, TNFa, and chemokines, CXCL1, CXCL2, and CXCL3. The lack of response to FLA, which binds TLR5, may be because the concentrations of FLA were too low, and higher concentrations of the PAMP could be tested in future experiments, although the biological relevance to ovarian follicles may be hard to justify. In the present study, subsequent experiments focused on TLR4 and TLR2 using the accumulation of IL-6 in response to 1 lg/ml LPS or PAM; this provided a robust experimental paradigm, and the LPS concentration reflected those measured in follicular fluid of cows with severe uterine disease [12] . Interestingly, many of the inflammatory mediators associated with innate immunity also have physiological functions in the ovary. For example, IL-6 induces murine cumulus-oocyte complex expansion [30] , and IL-1b decreases progesterone production by FSH-treated murine granulosa cells [31] . Chemokines also play a role in PRICE AND SHELDON ovarian physiology, with IL-8 involved in follicle development, ovulation, and corpus luteum formation [32] . It is intriguing to consider whether the use of inflammatory mediators for granulosa cell physiology in mammals has developed independently or has evolved from the innate immune system.
The requirement for TLR2 and TLR4 was examined in bovine granulosa cells using siRNA, which reduced TLR4 mRNA expression by 79% and TLR2 mRNA expression by 82%. The accumulation of IL-6 was markedly reduced by the siRNA compared with cells treated with vehicle or a scramble siRNA prior to addition of LPS or PAM. These data confirm that bovine granulosa cells mount inflammatory responses to PAM and LPS via TLR2 and TLR4, respectively, as in human and murine macrophages or neutrophils [13, 14] . However, activation of a TLR by a specific ligand often modulates the expression of other TLRs in human or murine immune cells, which provides some evidence of TLR functionality [19] . This effect of activation of a specific TLR modulating the expression of other TLRs was also evident in granulosa cells in the present study. However, while pretreatment with LPS or PAM significantly increased the expression of TLR2 mRNA, there was no functional priming effect on the granulosa cells, as subsequent addition of PAM for 24 h did not yield more IL-6 from the granulosa cells compared with unprimed cells pretreated in control medium. Although the requirement for TLR4 had been demonstrated previously in granulosa cells from emerged follicles [15] , the dependence on TLR2 for recognition of bacterial lipoprotein ligands and the effect of PAMP priming had not previously been investigated. It was notable that the accumulation of IL-6 in response to PAMPs was not abrogated by the siRNA, as would be expected if using cells from knockout mice, and increased TLR2 expression by PAMP priming did not increase IL-6 accumulation. These effects of siRNA and priming on IL-6 accumulation are likely explained by the relatively few receptors required to trigger innate immunity; occupation of 50-100 TLR4s is sufficient to trigger measurable TLR4-dependent cell activation [33] . Furthermore, occupancy of 10%-20% of TLR receptors provides maximal cellular responses to PAMPs [33] . A question that requires further investigation is how PAMPs from bacteria in the uterus, mammary gland, or other tissues may reach ovarian follicular fluid or granulosa cells. While follicular fluid collected in vivo from normal postpartum animals does not contain LPS, the follicular fluid of cows with uterine disease has between 4.3 and 875.2 ng/ml LPS [12] . Unfortunately, it remains unclear which local, lymphatic, or vascular routes may be important for PAMPs or even bacteria to reach the dominant follicle.
In immune cells, binding of bacterial PAMPs to TLRs activates NFjB and MAPK pathways, leading to production of inflammatory mediators [13, 25] . A previous study transfected granulosa cells from emerged follicles with fluorescent NFjB to examine cytoplasmic-to-nuclear translocation, but found that LPS did not activate NFjB, although LPS did activate MAPKs [15] . In the present study, treatment of granulosa cells from dominant follicles with LPS or PAM also increased the abundance of phosphorylated MAPK3/1 and MAPK14 within 15 min. To further explore the importance of MAPK pathways, the present study also tested the effect of inhibitors that target GRANULOSA CELL TLR FUNCTION MAPK3/1, MAPK14, or MAPK8 on the accumulation of IL-6 in response to LPS or PAM. As expected with inhibitors that target MAPK, higher concentrations reduced cell survival, as determined by MTT assays. However, concentrations of the inhibitor targeting MAPK14 were identified that reduced the inflammatory response to LPS or PAM, without significantly reducing granulosa cell survival.
Cows with uterine disease or mastitis have lower peripheral estradiol concentrations and delayed ovulation in vivo [6, 8] , and the accumulation of estradiol and progesterone is decreased when granulosa cells from emerged or dominant follicles are treated with 1 lg/ml LPS [12] . As such, the present study considered cross-talk between hormones and innate immunity, but there was no significant effect of FSH, LH, estradiol, or progesterone on the IL-6 accumulation in supernatants of cells treated with LPS or PAM. The lack of response to LH was not surprising, because granulosa cells from emerged follicles did not express LHCGR. However, a previous study reported that FSH treatment increased accumulation of IL-6 by granulosa cells from emerged follicles in response to LPS [15] . The contrasting results may reflect the more physiological 100 ng/ml FSH used in the present study rather than the 2.5 lg/ml FSH used in the previous study; future work could examine a wider range of FSH concentrations and durations of application. In the absence of gonadotrophin or steroid responses in the present study, the effect of the granulosa cell paracrine mediator EGF was examined, because EGF is involved in granulosa cell function, particularly around the time of ovulation [3, 34] . Indeed, EGF treatment of the bovine granulosa cells increased the IL-6 accumulation in response to PAM, but not LPS. These observations are consistent with results using ovarian epithelial cancer cell lines, where EGF also increased IL-6 expression [35, 36] . As there was a disparate response between PAM and LPS in the present study, we considered that the impact of PAM might likely occur at the level of the EGFR. Interestingly, PAM, but not LPS, increased EGFR mRNA expression, which may explain how EGF and PAM act to enhance granulosa cell IL-6 production.
The increased response to PAM in the presence of EGF was concentration dependent, and an inhibitor of EGFR reduced the accumulation of IL-6 in response to PAM when cells were FIG 7 . Granulosa cell cross-talk between immune and endocrine pathways. Granulosa cells were cultured for 24 h with vehicle (V), 100 ng/ml FSH, 4 ng/ml LH, 500 ng/ml estradiol (E), 240 ng/ml progesterone (P), or 10 ng/ml EGF in medium containing 1 lg/ml LPS (A) or 1 lg/ml PAM (B). Supernatants were collected, and the accumulation of IL-6 measured by ELISA. Data are presented as mean þ SEM from four independent experiments; values differ from control by ANOVA and the Dunnett pairwise multiple comparison t-test (*P , 0.05). Granulosa cells isolated from emerged follicles were treated for 3 h with control medium or medium containing 1 lg/ml LPS (C) or 1 lg/ml PAM (D), and the expression of genes encoding FSHR and EGFR examined by RT-PCR. Values are expressed relative to ACTB, and data are presented as mean fold change over control þ SEM from four independent experiments; values differ from control by Mann-Whitney U-test (*P , 0.05). E) Granulosa cells were treated for 24 h with medium containing vehicle or 0.01, 0.1, 1, 10, or 100 ng/ml EGF in control medium or medium containing 1 lg/ml PAM. Supernatants were collected, and the accumulation of IL-6 measured by ELISA. Data are presented as mean þ SEM from three independent experiments; values differ as indicated by ANOVA and the Dunnett pairwise multiple comparison t-test (*P , 0.05). F) Granulosa cells were treated with control medium containing vehicle or 3 lM EGFR inhibitor for 30 min, followed by control medium or medium containing 10 ng/ml EGF, prior to treatment with control culture medium or medium containing 1 lg/ml PAM (P) or 1 lg/ml LPS (L). After 24 h, supernatants were collected and the accumulation of IL-6 measured by ELISA. Data are presented as mean þ SEM from five independent experiments; values differ as indicated by ANOVA and the Dunnett pairwise multiple comparison t-test (* P , 0.05).
treated with EGF (Fig. 8) . The same concentration of the EGFR inhibitor also abrogated the effects of EGF on murine cumulus granulosa [3] . It was interesting to note that the EGFR inhibitor also reduced the accumulation of IL-6 in response to LPS, whether or not there was EGF present. The latter effect might be because the EGFR inhibitor inhibits downstream MAPK signaling pathways, or the inhibitor may block tonic EGFR activity. Future work could explore specific components of the MAPK pathway activated by EGFR and TLRs, and which of the EGF growth factors are most important. The increased response to PAM in cells treated with EGF in the present study may reflect events around ovulation, when TLR2 and IL-6 are important, at least in the mouse [30, 37] . In addition, LH induces EGF-mediated cumulus expansion [3] . Such responses could be to endogenous TLR2 ligands in vivo, rather than to bacterial lipopeptides.
An issue that is not easy to address is the relative importance of inflammation of granulosa cells from emerged follicles via TLR pathways in relation to bacterial infections and fertility. Infusion of LPS or PAM intravenously or into ovarian follicles in vivo would be valuable, although such experiments are beyond the scope of the present study. Evolutionary maintenance of the TLR system would have the advantage that activation by PAMPs may be a way of avoiding perturbed emerging follicles developing further to dominant follicles, although granulosa cells from dominant follicles also have functional TLRs [17] . Another possibility is that the granulosa cell TLR expression and functional responses found in the present study may represent an anachronistic preservation of the highly conserved innate immune system. Perhaps these pathways are now redundant in mammals, but were important for protection of eggs in other species, such as birds [38] .
However, it is hard to understand the evolutionary advantage of maintaining a redundant system. Another possibility is that ovarian responses to PAMPs are only evident in an extreme situation, such as the very high incidence of mastitis and uterine infections in domesticated cattle, which have been intensively selected for milk production. Perhaps the TLR2 and TLR4 pathways have other protective roles in the mammalian ovary. One possibility is that TLR2 and TLR4 may be important on granulosa cells for binding endogenous oxidized lipoproteins, which are found in follicular fluid and perturb bovine ovarian cell function [39] .
In conclusion, bovine granulosa cells from emerged follicles expressed functional TLR4 and TLR2, but not TLR5 pathways. The granulosa cell responses to bacterial PAMPs included increased expression of cytokines and chemokines and activation of MAPK pathways. In addition, there was evidence of interaction between EGF and TLR2 to enhance the inflammatory response to lipopeptides. The ability of bovine granulosa cells from emerged follicles to sense bacterial PAMPs and initiate inflammatory responses via TLR2 and TLR4 provides a molecular explanation of how bacterial infections of tissues that are distant from the ovary may perturb ovarian emerged follicle function.
